Objective: To evaluate the efficacy of IV iron supplementation of anemic, critically ill trauma patients. Design: Multicenter, randomized, single-blind, placebo-controlled trial. Setting: Four trauma ICUs. Patients: Anemic (hemoglobin < 12 g/dL) trauma patients enrolled within 72 hours of ICU admission and with an expected ICU length of stay of more than or equal to 5 days. Interventions: Randomization to iron sucrose 100 mg IV or placebo thrice weekly for up to 2 weeks. Measurements and Main Results: A total of 150 patients were enrolled. Baseline iron markers were consistent with functional iron deficiency: 134 patients (89.3%) were hypoferremic, 51 (34.0%) were hyperferritinemic, and 64 (42.7%) demonstrated iron-deficient erythropoiesis as evidenced by an elevated erythrocyte zinc protoporphyrin concentration. The median baseline transferrin saturation was 8% (range, 2-58%). In the subgroup of patients who received all six doses of study drug (n = 57), the serum ferritin concentration increased significantly for the iron as compared with placebo group on both day 7 (808.0 ng/mL vs 457.0 ng/mL, respectively, p < 0.01) and day 14 (1,046.0 ng/mL vs 551.5 ng/ mL, respectively, p < 0.01). There was no significant difference between groups in transferrin saturation, erythrocyte zinc protoporphyrin concentration, hemoglobin concentration, or packed RBC transfusion requirement. There was no significant difference between groups in the risk of infection, length of stay, or mortality. Conclusions: Iron supplementation increased the serum ferritin concentration significantly, but it had no discernible effect on transferrin saturation, iron-deficient erythropoiesis, hemoglobin concentration, or packed RBC transfusion requirement. Based on these data, routine IV iron supplementation of anemic, critically ill trauma patients cannot be recommended (NCT 01180894). (Crit
Furthermore, over one half of these patients demonstrate evidence of iron-deficient erythropoiesis (IDE), as indicated by an increase in erythrocyte zinc protoporphyrin (eZPP) concentration (7) . We subsequently confirmed these findings among a separate subgroup of critically ill trauma patients (8) .
Iron-prescribing habits are inconsistent among intensivists (9, 10) , and few investigations have addressed the utility of iron supplementation of critically ill patients (11, 12) . It is unclear if iron supplementation is sufficient to overcome the cytokine-mediated, functional iron debt observed in critically ill patients and thereby deliver iron to the bone marrow in quantities sufficient to impact erythropoiesis meaningfully. The relationship between iron supplementation and risk of infection also remains unclear (13) .
In a single-center randomized controlled trial (RCT), we observed a trend toward decreased packed RBC (pRBCs) transfusion requirement for patients who received enteral iron supplementation (ferrous sulfate 325 mg thrice daily) as compared with placebo (14) . However, many critically ill patients are unable to tolerate enteral medications, and the inflammatory response associated with critical illness impairs enteral absorption of iron (15) . The hypothesis of the current multicenter RCT was that IV iron supplementation 1) improves functional iron deficiency, 2) improves IDE, 3) decreases the pRBCs transfusion requirement, and 4) does not increase the risk of infection.
MATERIALS AND METHODS
This was a multicenter, randomized, single-blind, placebocontrolled trial involving four state-verified, American College of Surgeons-certified, level I trauma centers: Denver Health Medical Center, Denver, CO (lead study center); Harborview Medical Center, Seattle, WA; University of Pennsylvania Hospital, Philadelphia, PA; and University of Kansas Medical Center, Kansas City, KS. Enrollment occurred from May 2011 through September 2013. The trial was funded by an investigator-initiated grant from the National Trauma Institute (NTI-ICU-008-01). Institutional review board (IRB) approval was obtained separately by the U.S. Army Medical Research and Materiel Command, Office of Research Protections, Human Research Protection Office (proposal log number 08302001), the lead study center, and each satellite center. The trial was conducted in accordance with the recommendations of the Consolidated Standards of Reporting Trials Statement (16) and registered with the U.S. National Institutes of Health (ClinicalTrials.gov Identifier NCT 01180894).
Eligible patients included those admitted to the ICU with a primary diagnosis of trauma. The inclusion criteria were 1) anemia (latest hemoglobin concentration < 12 g/dL); 2) age 18 years old or older); 3) less than or equal to 72 hours from ICU admission; and 4) expected ICU length of stay (LOS) more than or equal to 5 days. The hemoglobin concentration was chosen based on the lead study center's laboratory definition of anemia. The interval between admission and enrollment was selected to minimize the influence of interventions (e.g., pRBCs transfusion) prior to study enrollment and maximize exposure to the study drug. The expected ICU LOS was selected to increase the injury severity of the sample, prolong the follow-up period, and allow time for any treatment effect to accrue. This time period is consistent with previously validated definitions of prolonged critical illness (17) (18) (19) . Assessment of the expected ICU LOS was determined by the trauma attending intensivist upon ICU admission.
The exclusion criteria were 1) active hemorrhage requiring pRBCs transfusion; 2) iron overload (serum ferritin concentration ≥ 1,000 ng/mL, serum iron concentration > 160 μg/ dL, or serum transferrin saturation ≥ 50%) or any condition associated with iron overload (e.g., hemochromatosis and aceruloplasminemia); 3) active infection, defined using Centers for Disease Control and Prevention criteria (20); 4) chronic inflammatory conditions (e.g., systemic lupus erythematosus, rheumatoid arthritis, and ankylosing spondylitis), 5) preexisting hematologic disorders (e.g., thalassemia, sickle cell disease, hemophilia, von Willibrand's disease, or myeloproliferative disease); 6) macrocytic anemia (admission mean corpuscular volume [MCV] ≥ 100 fL); 7) current or recent (within 30 d) use of immunosuppressive agents; 8) use of any recombinant human erythropoietin formulation within the previous 30 days; 9) pregnancy or lactation; 10) legal arrest or incarceration; 11) prohibition of pRBCs transfusion; 12) stay of more than or equal to 48-hour duration in the ICU of a transferring hospital; 13) history of intolerance or hypersensitivity to iron; and 14) moribund state in which death was imminent.
Patients were screened and enrolled Monday-Friday. Following informed consent from the patient or legally authorized representative, subjects were randomized to receive either iron sucrose (Venofer; Luitpold Pharmaceuticals, Norristown, PA) 100 mg IV or placebo, thrice weekly (Monday, Wednesday, and Friday if enrolled on Monday, Wednesday, or Friday; Tuesday, Thursday, and Saturday if enrolled on Tuesday or Thursday) for up to six doses or until ICU discharge, whichever occurred first. Due to the deep red color of iron sucrose, the unavailability of an IV placebo of similar color, and the logistical difficultly in shrouding the bags and tubing, the placebo consisted of an equal volume (100 mL) of normal saline. Thus, study group assignment was unblinded to both subjects and healthcare providers who administered the study drug and blinded to the research team abstracting and analyzing the data. Randomization was accomplished by the investigational pharmacy at each satellite site using a computer-generated block pattern. The randomization was unblinded to the investigators only after completion of data accrual.
Selection of iron formulation was based on safety and efficacy information from the outpatient setting (21) (22) (23) , as well as the limited data from critically ill patients (11, 24) . Dosing of iron sucrose ranged widely in studies of critically ill patients, from 140 (11) to 300 mg (24) weekly. Approximately 25 mg/d of iron is necessary to support erythropoiesis during health (25) , but this number may increase markedly during critical illness. In the study by van Iperen et al (11) , IDE persisted despite IV iron supplementation with 20-mg iron sucrose daily for 14 days among critically ill patients treated with recombinant human erythropoietin, suggesting that the dose of iron may have been Sample size calculations were performed using SAS version 9.1 (SAS, Carey, NC; proc power), using α = 0.05 and β = 0.20. Functional iron deficiency was defined as a low serum transferrin saturation in the setting of either normal or elevated serum ferritin concentration. Prior analysis of a sample of critically ill surgical patients revealed a baseline transferrin saturation of 10% with a sd of 8.5 (8) . An increase in the transferrin saturation to 20% among the iron group was considered meaningful clinically. This returned a total sample size of 26. The mean eZPP concentration (sd) among the placebo group in our RCT of enteral iron supplementation was 78.3 micromol:mol heme (12.9) (14) . An approximate 10-point decrease would be required to normalize the eZPP (normal range, 0-69 micromol:mol heme), thus correcting IDE. This returned a total sample size of 56 subjects. The prevalence of RBC transfusion among critically ill patients with an ICU length of stay more than or equal to 7 days is approximately 70% (1) . A 10% reduction in the risk of transfusion from 70% (p 1 ) to 60% (p 2 ) was considered meaningful clinically. This returned a total sample size of 172 subjects. The prevalence of any infection among critically ill patients with an ICU length of stay more than or equal to 5 days is approximately 50% (14) . A 10% increase in the risk of infection from 50% (p 1 ) to 60% (p 2 ) was considered meaningful clinically. This returned a total sample size of 204 subjects. Based on the aforementioned calculations, we targeted a total sample size of 200 subjects. We also planned a subgroup analysis of iron markers at baseline, day 7, and day 14 among subjects with an ICU LOS of more than or equal to 14 days (who would have received all six possible study drug doses), estimated to involve 50 subjects total (25%).
Baseline demographics included enrollment site, age (yr), gender, mechanism of injury (motor vehicle crash, pedestrian struck, fall, assault, penetrating, and other), comorbidity score, admission Acute Physiology and Chronic Health Evaluation (APACHE) II score, admission Injury Severity Score (ISS), time from ICU admission to enrollment (d), baseline estimated blood loss (EBL), and the occurrence and amount of previous pRBCs transfusions. EBL was calculated by summing blood losses from indwelling drains, invasive procedures, and tubes collected from phlebotomy. The comorbidity score was adapted from Charlson et al (26) .
After enrollment, subjects were followed for 42 days or until hospital discharge, whichever occurred first. Outcome variables were 1) number of total doses of study drug received; 2) hemoglobin concentration (measured at baseline and daily thereafter); 3) hematologic and iron markers (measured at baseline and weekly thereafter); 4) pRBCs transfusions; 5) infections and infection type; 6) antibiotic exposure; and 7) mortality.
Additional hematologic markers included the MCV (Siemens Advia 2120, 80-100 fL; Siemens Healthcare Diagnostics, Inc, Tarrytown, NY) and the percentage reticulocytes (Siemens Advia 2120, 0.5-1.5%). Iron markers included the serum iron concentration (Siemens Vista Dimension 1500, 40-150 ug/dL), serum ferritin concentration (Siemens Vista Dimension 1500, 28-365 ng/mL), serum transferrin saturation (Siemens Vista Dimension 1500, 18-55%), and eZPP concentration (ARUP Laboratories, Salt Lake City, UT, 0-69 mmol:mol Heme). The serum transferrin saturation was used as an estimate of the supply of iron readily available for deposition in the bone marrow for erythropoiesis (27) . During normal erythropoiesis, iron is chelated to protoporphyrin IX to form heme. When inadequate iron is delivered to the bone marrow, zinc is substituted for iron, forming zinc protoporphyrin. An elevated eZPP is diagnostic of IDE and reflects the bone marrow iron supply regardless of total body iron (7, 28) . Study drug was discontinued after three doses if there was evidence of iron overload on the first weekly (study day 7) labs: Serum ferritin concentration more than or equal to 1,000 ng/mL, serum iron concentration more than 160 μg/dL, or serum transferrin saturation more than or equal to 50%. Laboratory markers were drawn at 4 am and study drug was administered at 9 am.
The decision to transfuse pRBCs was made by the attending intensivist. ICU protocols at each institution specified the hemoglobin transfusion threshold as 7.0 g/dL in the absence of shock or acute coronary syndrome (29) . Nosocomial infections were defined according to the U.S. Centers for Disease Control and Prevention guidelines (20) , with the exception of ventilator-associated pneumonia (VAP), which was defined as clinical suspicion for pneumonia along with a lower respiratory tract culture with more than or equal to 10 5 colony forming units/mL (30) . Specific infections analyzed included VAP, bacteremia, and urinary tract infection (UTI). Antibiotic days were defined as the product of the days of antibiotics and the number of independent antibiotics received.
No interim analysis was planned. Unanticipated problems and related unexpected adverse events were reported to both the lead study center IRB and the U.S. Army Medical Research and Material Command, Office of Research Protections, Human Research Protection Office within 5 days. The safety of the study was also monitored by an independent, external Data Safety Monitoring Board, which consisted of a medical intensivist, a surgical intensivist, and a biostatistician. The committee met biannually and submitted written reports to the IRBs, FDA, and funding agency.
All statistical analyses were performed using SAS Version 9.1 (SAS). Data are expressed as median (range) or number (%). Differences in the medians of continuous variables were assessed using the Wilcoxon rank test. Proportions of categorical variables were compared using the chi-square test. When expected cell counts were less than 5, Fisher exact test was used. An a priori analysis of iron markers at baseline, day 7, and day 14 was planned, thus no post hoc adjustment for multiple comparisons was applied. Linear regression (sum of squares) was used to control for the effect of potential confounders on the continuous outcomes of iron markers. Normal distribution of iron markers was confirmed using the KolmogorovSmirnov test. Overall model significance was calculated using the F statistic, with the significance of individual variables calculated using the t statistic. Logistic regression was used to control for the effect of potential confounders on binary outcomes. The overall contribution of the fitted model to predicting variability in the outcome of interest was assessed using the likelihood ratio chi-square test. The independent contribution of individual variables was assessed using the Wald chi-square test and expressed as the odds ratio (OR) with 95% CIs. Model fit was assessed using the Hosmer-Lemeshow goodness-of-fit chi-square statistic, with p value of more than 0.05 indicating acceptable model calibration (31) . The α error level was defined at 0.05, with statistical significance set at p value of less than 0.05.
RESULTS
The derivation of the final sample size is shown in Figure 1 . Of the 1,298 patients screened, 150 (11.6%) were randomized. The most common reason for study exclusion was expected ICU LOS less than 5 days (n = 907, 69.9%). Of the 210 patients who were approached, 151 agreed to participation (71.9%). Of the patients who were enrolled, one subject was immediately withdrawn from the study prior to randomization after it was realized that he was already enrolled in another interventional study. Demographics of patients who agreed to versus declined study participation were similar with respect to enrollment site (p = 0.27), gender (p = 0.96), mechanism of injury (p = 0.17), APACHE II score (p = 0.70), and ISS (p = 0.87). Enrolled patients were significantly younger than patients who declined enrollment (39 yr vs 48 yr, respectively, p = 0.03). Of the 150 subjects enrolled, 57 (38.0%) received all six possible consecutive doses and thus constituted the a priori subgroup.
Baseline characteristics of both the iron and placebo groups are shown in Table 1 . There was no difference between groups in enrollment site (p = 0.63), age (p = 0.71), mechanism of injury (p = 0.73), comorbidity score (p = 0.15), ISS (p = 0.28), time from ICU admission to study enrollment (p = 0.12), number of doses of study drug (p = 0.94), and number of missed doses (there were no missed doses in either group). In the iron group as compared with the placebo group, there was a significantly increased proportion of male patients (77.3% vs 61.3%, p = 0.03), a significantly greater baseline EBL (196 mL vs 57 mL, respectively, p = 0.02), and a significantly greater EBL/study day (75.9 mL vs 53.6 mL, respectively, p = 0.04). Furthermore, there was a trend toward an increased admission APACHE II score in the iron as compared with placebo group (23.1 vs 20.9, respectively, p = 0.10).
Both iron and hematologic markers for the sample at baseline suggested functional iron deficiency. The median baseline serum iron concentration was 18 ug/dL (range, 5-137), and 134 subjects (89.3%) were hypoferremic. The median baseline ferritin concentration was 247.0 (range, 18.0-967.0), and 51 subjects (34.0%) were hyperferritinemic. Only two subjects (1.3%) were hypoferritinemic at baseline (serum ferritin concentration, < 28 ug/mL), suggesting underlying total body iron deficiency as an etiology for IDE. Study drug was withheld in three subjects (3%) during the study because of a serum ferritin concentration more than 1,000 ug/dL on study day 7, two (2.7%) in the iron group, and one (1.3%) in the placebo group. The median baseline transferrin saturation was 8% (range, 2-58%), and 133 subjects (88.7%) had a low transferrin saturation. The median baseline eZPP was 68 umol:mol heme (range, 29-187), and 64 subjects (42.7%) had IDE at baseline as evidenced by an elevated eZPP. Furthermore, baseline IDE was associated with severity of injury; the median APACHE II score was higher for patients with baseline IDE as compared with subjects without baseline IDE (24 vs 20, respectively, p = 0.01). The median MCV at baseline was 91.0 (range, 89.0-96.0) and the median reticulocyte count was 1.3 (range, 0.4-5.9).
Iron markers at baseline, study day 7, and study day 14 among the subgroup of subjects who received all six doses of study drug (n = 57) are shown in Figure 2 . Both groups remained hypoferremic at all time points, and there was no significant difference in serum iron concentration between the iron and placebo groups at any time point.
Both the iron and placebo groups began in the normal range for ferritin concentration (282.8 ng/mL vs 316.2 ng/mL, respectively, p = 0.99), increased into the hyperferritinemic range at day 7, and increased further at day 14. The iron group, as compared with the placebo group, had a significantly increased ferritin concentration at both day 7 (808.0 ng/mL vs 457.0 ng/mL, respectively, p < 0.01) and day 14 (1,046.0 ng/mL vs 551.5 ng/mL, respectively, p < 0.01).
The transferrin saturation remained below the normal range for both groups at all time points. At day 7, the iron group, as compared with the placebo group, had a significantly higher transferrin saturation, although it remained below the normal range (15% vs 11%, respectively, p = 0.02). There was no significant difference in transferrin saturation between the iron and placebo groups at day 14 (16% vs 13%, respectively, p = 0.23).
The eZPP concentration began at the high end of normal range for both the iron and placebo groups (67.0 umol:mol heme vs 68.0 umol:mol heme, respectively, p = 0.73). It then continued to rise at both day 7 and day 14. At no time point was a significant difference observed in eZPP concentration for the iron group as compared with the placebo group.
Because pRBCs transfusions contain iron, we repeated analyses of the relationship between iron supplementation and iron markers after controlling for any prior transfusion.
The only independent association observed was between iron supplementation and serum ferritin concentration on day 7 (degrees of freedom [df] = 2, model F = 5.23, p = 0.01, t for iron supplementation = 2.62, p = 0.01) and day 14 (df = 2, model F = 4.45, p < 0.01, t for iron supplementation = 2.79, p < 0.01). Controlling for prior pRBCs transfusion did not unmask any association between iron supplementation and serum iron concentration, transferrin saturation, or eZPP concentration.
The hemoglobin concentration at baseline and over the subsequent 14 days among the subgroup of patients who received all six doses of study drug (n = 57) is shown in Figure 3 . At Figure 2 . Serial iron markers among the subgroup of subjects who received six total doses (n = 57). A, Serum iron concentration: there was no significant difference in the serum iron concentration for the iron group as compared with the placebo group at any time point. b, Serum ferritin concentration: the serum ferritin concentration was significantly higher for the iron group as compared with placebo group on both days 7 (808.0 ng/mL vs 457.0 ng/mL, respectively, p < 0.01) and 14 ((1,046.0 ng/mL vs 551.5 ng/mL, respectively, p < 0.01). C, Serum transferrin saturation: although the transferrin saturation had increased significantly for the iron group as compared with the placebo group at day 7 (15% vs 11%, respectively, p = 0.02), the difference was not clinically meaningful. Furthermore, there was no difference in transferrin saturation between groups at day 14. D, Erythrocyte zinc protoporphyrin (eZPP): there was no significant eZPP concentration for the iron group as compared with the placebo group at any time point. baseline, the hemoglobin concentration was significantly higher for the placebo group as compared with the iron group (9.9 g/dL vs 8.8 g/dL, respectively, p = 0.03). At no other time point was a significant difference in hemoglobin concentration observed between groups.
Iron supplementation did not decrease the transfusion requirement. During the study period, 55 subjects in the iron group (73.3%) and 47 subjects in the placebo group (62.7%) received at least one pRBCs transfusion (p = 0.16). After controlling for baseline EBL, there remained no difference in risk of transfusion between groups (df = 2, model chi-square = 6.2, p = 0.04, OR for iron supplementation = 1.56, 95% CI, 0.77, 3.17, p = 0.21). As compared with the placebo group, the iron group had a significantly lower percentage of transfusion-free days per subject (84.0% vs 90.5%, respectively, p = 0.02).
We next examined both the percentage of subjects transfused on each study day and the EBL on each study day. The only study day for which there was a significant difference in percentage of patients transfused between the iron and placebo group was study day 1 (29.3% vs 13.3%, respectively, p = 0.02). The only significant differences in EBL between the iron and placebo groups were prior to study entry (196 mL vs 57 mL, respectively, p = 0.02) and on study day 1 (87 mL vs 24 mL, respectively, p = 0.04).
Approximately one half of subjects had received at least one pRBCs transfusion prior to study entry (n = 43 [57.3%] iron vs 37 [49.3%] placebo, p = 0.34). In order to address the possibility of confounding by baseline transfusion, we performed a subgroup analysis of the 70 subjects who had not received a pRBCs transfusion prior to study entry. There was no difference in baseline EBL between the iron and placebo groups (62 mL vs 41 mL, respectively, p = 0.36). Furthermore, there was no difference in the proportion of subjects transfused during the study period between the iron and placebo groups (65.6% vs 52.3%, respectively, p = 0.27). Iron supplementation did not increase the risk of infection (Fig. 4) . At least one infection occurred in 44 subjects in the iron group (58.7%) and 52 subjects in the placebo group (69.3%, p = 0.17). The median number of infections per subject was 2 for both groups (p = 0.18). Specifically, there was no difference in the risk of pneumonia (p = 0.55), bacteremia (p = 0.95), UTI (p = 0.66), or infections from other sources (p = 0.83). Both the antibiotic days (p = 0.64) and antibiotic days per study day (p = 0.55) were equivalent between groups. Finally, there remained no association between study group and infection risk in subgroup analysis of subjects who received all six doses of study drug (92.6% for the iron group and 90.0% for the placebo group, p = 0.73).
Additional outcomes are summarized in Table 2 . By univariate analysis, there was a trend toward an increased mortality in the iron group as compared with the placebo group (9.3% vs 2.7%, p = 0.09). This trend persisted in subgroup analysis of subjects who received six doses of study drug (11.1% vs 3.3%, p = 0.25). However, after controlling for gender, baseline APACHE II score, and baseline EBL, there was no independent association between study group and mortality (df = 4, model chi-square = 8.8, p = 0.04, OR for iron supplementation = 1.12, 95% CI, 0.92, 1.33, p = 0.67), suggesting that baseline differences between groups confounded this relationship. Neither ICU LOS (p = 0.53) nor hospital LOS (p = 0.50) differed between study groups.
In order to access for confounding by enrollment site, we repeated analyses for iron markers, hemoglobin concentration, pRBCs transfusion, and infection among the subgroup of subjects enrolled from the lead study center (n = 119). All outcomes remained unchanged (data not shown).
DISCUSSION
In this multicenter RCT of anemic, critically ill trauma patients, iron sucrose 100 mg IV thrice weekly for up to 2 weeks did not impact functional iron deficiency, IDE, anemia, or pRBCs transfusion requirement. Iron supplementation at this level did not increase the risk of infection.
Most ICU patients become anemic soon after admission and remain so for several months thereafter (32) . Although the hemoglobin transfusion threshold has been lowered in most ICUs (33) , pRBCs transfusion remains a common occurrence, as evidenced by the 68% prevalence observed in our sample. The complications associated with pRBCs transfusions (34) (35) (36) (37) (38) (39) underscore the importance of developing alternative strategies that enhance endogenous erythropoiesis.
Iron supplementation represents one such strategy that is based on the observation that ICU patients rapidly develop a functional iron deficiency, characterized by hypoferremia, low transferrin saturation, hyperferritinemia, and IDE. These phenomena are believed to be secondary to up-regulation of the iron-regulatory protein hepcidin, which in turn downregulates the basolateral membrane protein ferroportin, trapping iron within both duodenal enterocytes and macrophages within the RES (40) (41) (42) . Without readily available iron substrate, erythrocytes cannot be produced and anemia persists. Although the teleological rationale for this phenomenon remains unknown, sequestration of iron from invading microorganisms has been posited (13) . Iron supplementation of critically ill patients may have additional, nonhematologic benefits, including improved cardiac function in patients with congestive heart failure (43) .
Currently, iron-prescribing habits among intensivists are sporadic (9) , and evidence-based recommendations are needed (44) . Despite the aforementioned potential benefits of iron supplementation, several concerns exist, including pharmacy expense, oxidative damage, and infection (13) . The encouraging results observed in our RCT of enteral iron supplementation (14) led us to conduct the current investigation, which represents to our knowledge the first multicenter RCT of IV iron supplementation of critically ill patients. An intermediate dose of iron was selected in an effort to balance the benefit on bone marrow iron delivery against the risks of iron overload.
Iron markers drawn at baseline confirmed functional as opposed to total body iron deficiency. This functional iron deficiency persisted despite iron supplementation. Iron supplementation increased the transferrin saturation only minimally on day 7 of supplementation, while significantly increasing the ferritin concentration on both days 7 and 14 of supplementation. Furthermore, IDE persisted for both groups as evidenced by a By univariate analysis, the placebo group received significantly less pRBCs and had significantly more transfusion-free days/study days than the iron group. Furthermore, a trend was observed towards a decrease in mortality for the placebo group as compared to the iron group. Each of these differences was eliminated after multivariable analysis.
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September 2014 • Volume 42 • Number 9 similar and elevated eZPP concentration. In sum, these findings suggest that iron supplementation at the current level was sequestered as ferritin within the RES as opposed to delivered to the bone marrow in quantities sufficient to impact erythropoiesis. It follows that iron supplementation neither increased the hemoglobin concentration nor reduced the pRBCs transfusion requirement. Although there was a decrease in transfusion-free days for the iron group as compared with placebo group, this discrepancy was explained by differences observed both at baseline and on study day 1. At baseline, the iron group had lost more blood and started at a lower hemoglobin concentration, despite randomization. Furthermore, on study day 1, the iron group lost significantly more blood and incurred significantly more pRBCs transfusions. It would be unlikely that differences at these time points would be explained by study group assignment, as only one dose of study drug would have been given at this point. That the iron group was likely more severely ill at baseline as compared with the placebo group is highlighted by a trend toward both a higher baseline APACHE score and unadjusted mortality in the former group.
The relative iron deficiency observed in our sample despite markedly elevated ferritin concentration underscores the limitations of this marker for diagnosing iron overload in critically ill patients. By contrast, the transferrin saturation likely represents a more accurate marker of readily available iron for deposition in the bone marrow (or consumption by invading microorganisms). In the outpatient setting, transferrin saturation more accurately predicts response to recombinant erythropoietin than ferritin (27) , and misinterpretation of hyperferritinemia to indicate adequate iron availability may have impacted negatively trials of recombinant erythropoietin among critically ill patients (45) (46) (47) . In the current trial, there was no relationship between ferritin concentration and infection, and iron supplementation did not increase the risk of infection, despite substantially increasing the ferritin concentration.
At present, routine iron supplementation of anemic, critically ill patients cannot be recommended. It is possible that larger doses of iron may overcome both the serum and bone marrow iron debt, although the safety of such a strategy remains unstudied. In this trial, we chose a single-dosing scheme, irrespective of transferrin saturation. An alternative strategy employed commonly in dialysis-dependent outpatients involves redosing of IV iron until the transferrin saturation reaches and is maintained at 30-50%, a range that appears optimal for bone marrow iron delivery (48) . However, in the setting of the hepcidin-mediated altered iron trafficking characteristic of critical illness, additional iron may only accumulate as ferritin in storage, increasing further the risks of complications without meaningfully increasing bone marrow iron deposition. Consequently, the ultimate treatment strategy for functional iron deficiency during critical illness may involve a combination of goal-directed iron supplementation, targeted to both transferrin saturation and eZPP, and hepcidin antagonism (49) . The efficacy of this strategy should be evaluated in terms of both improving anemia and reducing the pRBCs transfusion requirement, the latter of which continues to decrease in the age of restrictive transfusion (29) . Finally, the majority of subjects in this study were discharged from the ICU prior to receiving the full 2-week treatment course, suggesting that most patients will not remain critically ill long enough to reap any potential benefits of iron supplementation. However, even in the subgroup of patients with an ICU LOS more than or equal to 14 days, no discernable benefit of iron supplementation was observed.
Our trial was limited by baseline differences in groups despite randomization, practice variability between centers, and generalizability outside of the critically ill trauma patient. Furthermore, only single blinding could be achieved reliably due to the color of iron sucrose. Hepcidin concentration was not measured due to prohibitive cost; thus, any correlation between hepcidin concentration, degree of functional iron deficiency, and response to iron supplementation could not be addressed. Enrollment was 75% of the target sample size of 200. Finally, the proportion of subjects enrolled from each study center was not equal, although the same number of subjects per group was enrolled from each center.
CONCLUSIONS
This RCT documented severe functional iron deficiency in anemic, critically ill trauma patients. However, iron supplementation of such patients with iron sucrose 100 mg IV thrice weekly for up to 2 weeks did not impact functional iron deficiency, IDE, anemia, or pRBCs transfusion. Iron supplementation at this dose increased the serum transferrin saturation only marginally, although not into the normal range, and increased the serum ferritin concentration significantly. Iron supplementation did not increase the risk of infection. Based on these data, routine IV iron supplementation of anemic, critically ill trauma patients cannot be recommended.
